Abstract. Optical oceanography models of attenuation and scattering properties often contain simple spectral relationships. Electromagnetic theory, however, predicts fluctuations in the spectra of the attenuation coefficients and scattering properties of substances at wavelengths near an absorption peak. We have modeled these effects for phytoplankton using homogeneous, two-layered, and three-layered sphere models of cell structure and using a wide range of plausible particle size distributions. The magnitude of the scattering in backward directions is affected the most. The effect on the beam attenuation spectra is relatively small compared with the effect on the absorption and scattering coefficients. The backscattering coefficient shows large variability, varying by almost a factor of 3 for some models. The results suggest that beam attenuation at any wavelength in the red shorter than the wavelength of the chlorophyll absorption peak will be insensitive to the chlorophyll content of the particles. Increases in the pigment content per unit volume of phytoplankton will increase the index of refraction in the infrared and therefore increase the attenuation and scattering coefficients there.
Introduction
The spectral structure of the volume scattering function together with the absorption coefficient (the inherent optical properties (IOP)) and the radiance at the boundary determine the distribution of radiance in the interior of the ocean as well as the radiance that emerges from the ocean. Since optical oceanographers tend to use simple wavelength dependencies (the wavelength dependence of the scattering function is nearly always modeled as A-"), more complex spectral dependencies should be investigated. The upwelling radiance just above the sea surface is used by means of remote sensing to determine various particulate properties by inversion. Inversion of radiance data such as obtained using remote sensing involves assumptions regarding the spectral dependence of the IOP on particulate properties. Recent studies have shown that the reflectance as a function of solar zenith angle is a strong function of the angular shape of the volume scattering function [Gordon, 1989; Gentili, 1991, 1993] . Nevertheless, in the studies cited and in others it is usually assumed that the angular shape of the particulate volume scattering function is not a function of wavelength. The study of the influence of the particle size distribution and internal structure on the spectral dependence of the volume scattering function shape thus has bearing on the remote sensing reflectance. In particular, if narrow bandwidth, full spectral radiance is observed remotely, the spectral dependence of the inherent optical properties near an absorption peak could potentially be inverted to obtain particulate properties.
It is now possible to measure the absorption and attenuation spectra in situ [Zaneveld et 1992]. By subtraction we can thus also obtain the total scattering spectrum in situ. Inversion of this parameter to obtain particulate properties requires parameterization of their interdependence. In addition, the scattering errors of attenuation meters and reflecting tube absorption meters depend on the angular shape of the volume scattering function. Zaneveld et al. [1994] have proposed a method for correcting the scattering error of reflecting tube absorption meters. This method assumes that in the near infrared, measured absorption values are due only to absorption by water and to scattering error. The method will only work if the angular shape of the scattering function is nearly constant as a function of wavelength. The structure of the light scattering and absorption properties of oceanic particles can be modeled using electromagnetic theory. We are interested in finding the structure of these parameters near absorption peaks, as the usual oceanographic models are most likely to be incorrect in those regions.
The light-scattering properties of a particle are modified by the presence of an absorbing substance within the particle. For very large particles, light that is absorbed by the particle is not available to be scattered, and thus scattering is diminished an identical amount, resulting in no change in the attenuation. For very small particles, scattering and absorption are independent. In between the interactions are more complex and increases in absorption can cause either an increase or a decrease in attenuation, depending on the size and index of refraction of the particle. These effects are sometimes called "anomalous diffraction" because they can result in an absorption peak producing an attenuation minimum. The term anomalous diffraction has also been used to denote the complex interference patterns which are modified when the concentration of absorbing material changes, producing diffraction rings with anomalous sizes and brightness [van de Hulst, 1957, p. 134]. This process is important in particles larger than the wavelength of light with indices of refraction close to that of the surrounding medium. A third use of anomalous diffraction is the approximation to scattering theory which is used for this class of particles. All three meanings refer to roughly the same class of particles. In this paper the first meaning will apply, as we are not interested in diffraction rings per se and we are not using the anomalous diffraction approximation in our calculations.
In the vicinity of the absorption band the index of refraction increases with wavelength, while in other regions it decreases. This process has been called anomalous dispersion [Jenkins and White, 1957; Rossi, 1957; van de Hulst, 1957] . The combination of the anomalous dispersion and anomalous diffraction effects will be the main focus of this paper, since they cause fluctuations in the scattering properties in small intervals of the wavelength regime. In the interest of more accurate nomenclature we will call these effects "absorption peak effects" and drop the adjective "anomalous" when describing the dispersion relationships. The pigment composition and distribution within a particle thus affect its scattering properties, especially near an absorption peak. In this paper we will address the question of how the angular shape of the volume scattering function varies with wavelength near an absorption peak and how this variation is related to the particle size distribution and the internal distribution of pigment. We will also look at how spectral variations of the volume scattering function affect related properties such as backscattering, attenuation, and reflectance spectra.
The Model
Volume scattering functions in the ocean are strongly peaked in the forward direction due to diffraction by particles larger than the wavelength of light and to inhomogeneities in the refractive properties of water itself due to fluctuations in temperature and salinity. In general, particles that are small relative to the wavelength of light have a more symmetric volume scattering function (VSF) with less of a forward peak in scattering and more backscattering relative to total scattering [van de Hulst, 1957; Ditchburn, 1963] . Thus the VSF is influenced by the particle size distribution (PSD). The size dependency carries over into the wavelength regime because the size parameter, p = •rD/A, is relative to the wavelength which makes particles that are only moderately larger than the wavelength of light scatter more like a large particle in blue light than in red light.
Another parameter that influences the VSF is the index of refraction of the particle. The index of refraction of a Here e si is the molar extinction coefficient for the ith pigment, c t is the speed of light in a vacuum, No is Avogadro's number, e is unit electron charge, and m e is the mass of an electron. Given these parameters for the absorption bands in the region of interest, we can get n(9) from the Lorentz-Lorenz equations [Ditchburn, 1963; Mueller, 1974 
Phytoplankton Model
Mie theory calculations of volume scattering functions for oceanic particle assemblages have been used extensively in the past [Pak et al., 1971; Morel, 1973; Gordon, 1973, 1974] . While it is obvious that details regarding particulate shape are ignored in these calculations, they have nevertheless contributed significantly to our understanding of ocean optics. Much of the accepted thinking about the optical characteristics of phytoplankton is due to homogeneous sphere models [Bricaud and Morel, 1986; Stramski and Kiefer, 1991] . The present study also suffers from the assumption of sphericity of the particles, but as with the studies before, there are some general trends that can be deduced and there are some conclusions that should direct future experimental work.
We will use the following three different models of phytoplankton: (1) a three-layered concentric sphere model with a high index of refraction outer shell; a high-index, absorbing middle chloroplast layer; and a low index, nonabsorbing core; (2) a two-layered concentric sphere model with a low index outer layer representing the membrane and cytoplasm; and a high index, absorbing inner core representing the central chloroplast; and (3) a homogeneous, medium index, absorbing sphere. Both the real and imaginary components of the index of refraction will be modified in such a way as to make the volume average of both indices over the entire sphere unchanging from model to model.
There is a great deal of natural variation in the relative sizes and indices of refraction of the various cell structures.
These variations change the details of the volume scattering function in some ranges of angles . Here, however, we are interested only in changes of the general angular shape of the volume scattering function across the visible light spectrum. Thus we have arbitrarily chosen a set of parameters for our three-layered model that produces a volume scattering function generally similar to observed data [Petzold, 1972] . These data are widely used for modeling remote sensing and other properties [Gordon, 1989; Gentili, 1991, 1993] . The outer shell, representing the cell wall, is assigned an index of refraction of 1.09 (relative to water) with no absorption and a thickness of 5% of the cell radius. The radius of the core is 76% of the radius of the particle. The core is assigned an index of 1.02. Between the core and the outer shell is the chloroplast layer which is assigned a complex index of refraction based on the dispersion calculations and the oscillator parameters given by Mueller [1974] with the average real part of the index also at 1.09. This real part will vary slightly spectrally due to the dispersion effect. The oscillator strength has been adjusted proportionally to the pigment concentration per unit volume of chloroplast to account for differences between our model and that of Mueller in structure and total pigment content per cell.
Using particle and pigment data collected at the chlorophyll maximum in the Pacific Central Gyre [Kitchen and Zaneveld, 1990] While the small particles (0.2-0.5 tam) added about 20% to the backscattering in the 600-to 715-nm region, they did not contribute significantly to the spectral variability of the various scattering properties. They did, however, bring the volume scattering functions even closer to those observed by Petzold [1972] (2) Scattering at angles less than 3 ø continues to increase as larger and larger particles are included even with the steeply sloped size distributions we were using for them. Thus we will not look closely at the near-forward scattering. This also increases the agreement with Petzold's model, but since particle size distributions are not known to infinity, the problem of near-forward scattering is intractable by this approach. Thus, for the purposes of studying the above described absorption peak effects, we believe the range of 0.5 to 30 tam is adequate and will use the data already generated by the Macintosh. Obviously, for work on other aspects we will need to include the smaller particles. Also, by increasing the total backscattering, the contribution of small particles to backscattering will reduce the effect of the absorption peak effects as a percentage of backscattering.
Results
The volume scattering functions (VSF) at various wavelengths near the red chlorophyll absorption peak which were obtained from our model of the PSD from the pigment maximum layer are shown in Variations in internal structure do not appear to result in significant changes in the spectra of the attenuation, scattering, or absorption coefficients (Figure 8 ), but they do cause significant changes in the overall magnitude of attenuation and scattering. There is, however, a significant effect of internal structure on the backscattering spectrum ( Figure  9a) . The absolute value of the backscattering at a given wavelength for the three-layered sphere model is seen to be more than three times the backscattering for the homogeneous sphere. The magnitude of the backscattering coefficient is obviously also strongly influenced by the relative concentration of small particles. This is seen in Figure 9b , where the s = 5 size distribution has b0 values approximately two and a half times those of the s = 3 model. The range for the two observed size distributions is much smaller. It thus appears that for the naturally occurring particle ensembles the internal structure has potentially a larger influence on the backscattering than the size distribution. Scattering Angle (degrees) Figure 7 . The computed volume scattering functions at the chlorophyll absorption peak for four different particle size distributions using the combination of models.
We also calculated the change in the coefficients when the chlorophyll concentration is increased. The change in attenuation, scattering, and absorption per unit change in chlorophyll concentration within the cell varies very little with cell structure (Figure 10a ) except for some self-shading in the absorption spectrum of the central chloroplast model. For wavelengths shorter than the absorption peak the attenuation changes negligibly with chlorophyll. These changes in attenuation would not be discernible from the sample to sample variation for in situ measurements, so that attenuation measurements at wavelengths shorter than 20 nm below the absorption peak are not a function of the pigment concentration. The change in scattering is almost the mirror image of the absorption, but the change in scattering is less dependent on particle structure. However, when the size distributions are changed (Figure 10b) , we see much variation in the changes in the coefficients per unit chlorophyll, and the variation is slightly larger for scattering than for absorption. The two observed size distributions produce nearly identical changes in absorption, while the limiting cases of s = 3 and s = 5 vary by more than a factor of 2.
The spectra of b/a and b o/a for the particles are shown in Figures 1 la and 1 Major variations in the angular and spectral shape of the volume scattering function are due to the size distribution, shape, and internal structure of the particulate population . The calculations presented here show that while the particle size distribution has a major influence on the angular shape of the volume scattering function, the influence of the internal structure cannot be In addition to the effect of internal structure, there is also a spectral effect due to the presence of an absorption peak beyond that due to the absorption alone. This effect was largest for the model with the central chloroplast ( Figure 5) . The scattering around 175 ø is seen to vary by an order of magnitude, depending on wavelength. Scattering at other angles in the backward region still vary by at least a factor of 3. Again, we note that these are models only, but the message is once more that measurements of the scattering function on one side of an absorption peak cannot necessarily be transferred to the other side, without paying some attention to the absorption peak effects.
The near-forward and near-backward scattering seem to have a very strong spectral change in the shape, with greater scattering in those angular regions for shorter wavelengths. The shape of the VSF for intermediate angles has little or perhaps even a reverse general trend for this range of wavelengths.
Influence on Spectral Attenuation and Absorption
Local absorption maxima produce spectral perturbations in the scattering function, with the magnitude of these perturbations dependent on the size distribution of the particles. If we look at the term within the summation of (3), we see that as the wavenumber approaches infinity (wavelength decreases toward zero), the contribution to the index of refraction goes to zero. However, as the wavenumber goes to zero (wavelength increases to infinity), the contribution to the index of refraction squared approaches a positive number [Rossi, 1957] in the internal concentration of pigment such as could be due to light adaptation can produce an increase in the particulate index of refraction at all longer wavelengths and thus affect the magnitude and angular shape of the scattering and attenuation spectra. This implies that an increase in the pigment content of the cells will result in increased scattering and attenuation in the green due to the blue peak and in the infrared due to the red absorption peak. The magnitude of this change will, however, depend on the size distribution, and thus the use or removal of this effect to obtain the index of refraction will not be straightforward. The spectrum of the absorption coefficient was very little influenced by the internal structure (Figure 8) , there being only a slight self-shading effect for the inside chloroplast model at the absorption maximum. The absorption spectrum can thus be modeled adequately using homogeneous spheres. In addition, determination of the chlorophyll concentration from the shape of the red absorption peak appears not to be influenced by the internal structure. The shapes of the attenuation and scattering spectra were not affected significantly by internal structure, but the magnitudes were. Beam attenuation values for the inside chloroplast model were about 15% lower than for the three-layered sphere model. The homogeneous model had magnitudes only about 5% below the three-layered sphere model. The shape of the beam attenuation spectra showed a step increase of about 10% when going from the short-to the long-wavelength side of the absorption peak, whereas the scattering coefficient showed a 15% increase.
Use of homogeneous spheres for modeling will thus result in errors of +10% in beam attenuation, which would appear to be acceptable, given the natural variability in the particle concentration of the oceans. A further result is that the inversion of beam attenuation spectra to obtain the particle size distribution [Shifrin, 1988] , which is based on homogeneous spheres, would appear to be reasonable. Changing the chlorophyll concentration affects the attenuation, scattering and abs•orption spectra by nearly the same amount, independent of internal structure (Figure 10 ). The increase in absorption is almost balanced by the decrease in scattering. There is still an effect on the attenuation coefficient. The models seem to indicate that given a size distribution, the step increase in beam attenuation will be proportional to the pigment content. Observations of attenuation (660 nm) per total particle volume concentration and chlorophyll per total particle volume concentration from various coastal and open Ocean regions [Kitchen and Zaneveld, 1990 ] have failed to reveal any sensitivity of beam attenuation at 660 nm to the internal chlorophyll content of the particles. This is borne out by the models presented here, in that the change in beam attenuation per unit chlorophyll at wavelengths less than the absorption peak is nearly zero. We have long wondered if this insensitivity to chlorophyll content of the 660-nm transmissometer was due to a fortuitous choice of wavelength, presumably in the scattering minimum of the dispersion curve. However, this effect is only a secondary contributor. The apparent message of Figure 10a is that the insensitivity of the 660-nm transmissometer to chlorophyll concentration is due chiefly to the diffraction effect, and therefore the choice of wavelength is not critical except that wavelengths shorter than the chlorophyll peak will be less sensitive to absorption than those longer than the peak wavelength.
InfluenCe on Remote Sensing Reflectance
In the following discussion we speculate on the influence of the effects calculated here on some remote sensing observations. The reader should once more bear in mind that spherical particle models tend to be unrealistic in a quantitative sense but that the spectral variations calculated here may well exist in nature.
In the vicinity of an absorption peak a fairly large change in the apportionment of attenuation into scattering and absorption can occur. This can produce a change in the reflectance due to phytoplankton alone. The reflectance R is often given as R = 0.33 b b/a [Gordon et al., 1975] . Figure   11 shows that the ratio of b bp/a can vary by a factor of 6 when going fr9 m 60 nm less than the absorption peak to the wavelength of the absorption peak. This effect is not due only to variations in the absorption coefficient, but, rather, the ratio tends to magnify the opposing spectral variations of scattering and absorption in the neighborhood of an absorption peak. The effect of the particles is obviously muted by the molecular scattering. It would be further reduced by including smaller particles than those covered in this study. If we include molecular scattering in the b b/a ratio (Figures 12a and 12b) , we note that the reflectance can vary by about 20%, depending on the internal structure of the particles. The measured size distributions produce very similar b•/a spectra, but the s = 5 case produces significantly higher values due to the larger proportion of small particles.
The minimum in b•/a at the absorption peak results in apparent maxima at about 10 nm past the absorption peak. Similar maxima in both shape and magnitude are found in observed reflectance spectra [Gordon, 1974; Roesler and Perry, this issue]. These peaks are normally attributed to fluorescence. It is interesting that the absorption peak effects described above give very similar looking maxima. Natural fluorescence [Gordon, 1979] has been discussed as an indicator of chlorophyll and productivity [Falkowski and Kiefer, 1985] , and this method for determination of chlorophyll and productivity has been patented [Booth and Kiefer, 1989 ]. However, natural fluorescence at the surface of the ocean shows a surprisingly poor relationship with chlorophyll; especially when a given location is considered [Roesler and Perry, this issue]. Natural fluorescence at the surface is not a pure measurement, but it also includes effects of backscattering. As we have seen, there are therefore large effects due to internal structure and size distribution of the particles. We hypothesize that some of the signal attributed to natural fluorescence is due to these absorption peak effects, weakening the direct correlation between chlorophyll and in situ radiance at an absorption peak. This effect needs to be further investigated.
One further result of the potentially increased reflectance due to the effects studied here is that the amount of light emanating from the ocean in the red region of the spectrum may be relatively large. Use of a red channel as a reference for atmospheric corrections in remote sensing must thus be handled with considerable care.
There are some interesting implications of the calculations on the question of the contribution of phytoplankton to the remote sensing reflectance. The water-leaving radiance is proportional to the backscattering [Gordon and Morel, 1983; Zaneveld, 1982] . The backscattering, at least in case 1 waters, is assumed to be a function of the chlorophyll concentration [Morel, 1988] , but the phytoplankton are thought to not contribute significantly to the backscattering [Morel and Ahn, 1991; Stramksi and Kiefer, 1991] . In a way, this is a contradiction, always requiring the nonphytoplankton concentration to be closely related to the chlorophyll concentration. Over large time periods this could be the case, but instantaneously, for example, in plankton blooms, this cannot be true. Morel and Prieur [1977] noted that absorption spectra computed from remotely sensed data were often below the corresponding absorption spectra calculated from the pigment content and that this discrepancy could be due to a reduction of backscattering by particles in the spectral range where they absorb. This implies that absorbing particles contribute to backscattering. Subsequent papers [Morel and Ahn, 1990 ; Stramksi and Kiefer, 1991] have discounted the above contention. In an earlier paper [Kitchen and Zaneveld, 1990] we noted that the thickness of the outer layer in the three-layered model has a large influence on the magnitude of the backscattering. In the results described here we note again that the three-layered model gave three times the backscattering of the homogeneous model. We arbitrarily assigned a thickness of 5% of the cell radius to this layer. M. Orellana and C. Roesler (personal communication, 1993) have discovered that diatoms and dinoflagellates in nature usually have far thicker cell walls than those cultured in the laboratory. They believe this to be the result of environmental stress. If this is the case, the backscattering by phytoplankton could be yet larger than the present three-layered model indicates. A study of the dependence of the thickness of the cell wall on environmental parameters is thus warranted, so that the issue of the contribution of phytoplankton to backscattering can be reexamined.
Applications to Instrumentation
As we have seen, electromagnetic theory produces changes in the shape of the volume scattering function near an absorpt:,on peak. As mentioned previously, for calibration of reflecting tube absorption meters we need to know the spectral dependence of the proportion of the scattered light not measured by the absorption meter detector. This proportion for 30 and 40 ø is shown on Figure 13 . The proportion is spectrally far less sensitive than the absolute value of the volume scattering function in the backward direction. We see a variation of about 15% in the proportion, representing less than 1% of the scattering coefficient. Using a nearinfrared wavelength to correct for scattering effects in reflecting tube absorption meters should thus lead to error in absorption measurements of the order of 1% of the scattering coefficient.
Except at near-backward angles, changes in the portion of total scattering in any angular range seem to be about 10% of that portion (Figure 14) . Most of this observed change occurs at the absorption peak itself. Whether this change is like a step function or an oscillation depends on the size distribution. Farther away, the effect of wavelength on the optical size of the particle might produce larger changes. 
